Benzo[a]pyrene (BaP), a type of polycyclic aromatic hydrocarbon, is widely distributed in the environment. In this study, BaP immunogen and coating antigen were respectively prepared by different methods, and the specific antibody targeting the BaP analyte was obtained. Moreover, gold nanoparticles modified with the specific polyclonal antibody and thiol-capped DNA were prepared as biological probes. Based on the work above, an ultrasensitive biological probe enhanced real-time immuno-polymerase chain reaction (BP-rt-iPCR) assay was developed to detect BaP in several environmental samples. Under optimal conditions, the proposed method was used to detect BaP with a linearity ranging from 5 pg/l to 50 ng/l. The limit of detection was 1.63 pg/l. The recovery rates of the spiked samples ranged from 92.12% to 109.76% and the coefficients of variation were 7.53%-11.06%. This immunoassay was successfully used to detect BaP in environmental samples, and the BaP detection results were consistent with those obtained using high performance liquid chromatography, indicating that the BP-rtiPCR method is accurate and reliable, and has great potential to detect trace amounts of BaP.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants that contain 2-8 aromatic rings in linear, angular, or cluster arrangements. Pure PAHs are usually crystalline solids at ambient temperature [1] . The majority of PAHs in the environment come from incomplete combustion of carbonaceous materials and industrial production processes [2] . PAHs are produced by incomplete combustion of virtually all types of organic materials; they are highly mobile in the environment due to their physicochemical properties of stability and permanence, allowing them to be distributed across air, soil, and water bodies [3] . Moreover, PAHs have been detected in many types of biological samples, such as blood and breast milk [4] .
Benzo [a] pyrene (BaP) is one of the widely studied PAHs. In recent years, much attention has been devoted to the existence of BaP in the environment [5] . Due to its high toxicity and teratogenicity, BaP is considered as a highly dangerous PAH [6, 7] . Like other pollutants, BaP in suspended particulate matter can be transferred from air to the terrestrial biosphere, which is the main route of BaP entry into other environmental media. BaP has the potential to harm human health. Epidemiological studies have shown that the increasing risk of cancer is closely related to daily exposure to BaP. Some other studies have demonstrated the involvement of BaP in the development of cardiovascular diseases. Dietary intake is a major source of human exposure to BaP [8] . Probable sources of BaP in food are cooking processes (such as roasting and frying) [9] or the absorption of BaP via water and soil during plant growth [10] . Moreover, exposure to BaP may also occur by breathing ambient air, transdermally and by inhalation of BaP vapors.
So far, modern gas chromatography (GC), gas chromatographymass spectrometry (GC-MS), and high performance liquid chromatography (HPLC) have been used widely in the detection of PAHs [11] . However, these chromatographic methods need a long period of detection and complex operations, and moreover, the follow-up equipment maintenance is expensive [12, 13] . Compared with instrumental methods, immunoassays are usually cost effective, with adequate sensitivity, and high selectivity. Therefore, immunochemical techniques have been increasingly considered as complementary methods for residue analysis. In recent years, many highly specific immunoassays were studied for monitoring contaminants [14] , such as indirect competitive enzyme-linked immunosorbent assay (ic-ELISA) [15] and fluorescence enhancement-based label-free homogeneous immunoassay (FIA) [16] .
Real-time immuno-PCR (rt-iPCR) is an immunoassay based on conjugates of specific antibody and DNA; the DNA is amplified specifically for signal generation in PCR analysis. Two general techniques are commonly used to link the antibody and DNA: (i) linkage between biomolecules, such as biotinylated antibody (bio-antibody) and biotinylated DNA (bio-DNA); (ii) pre-assembled antibody-DNA conjugates. Many relevant immuno-PCR assays have been reported and used to detect biomacromolecules. However, only a few similar immunoassays for detecting environmental micromolecule pollutants have been established. To our knowledge, there are no reports of an immuno-PCR assay for monitoring BaP.
In this study, two diverse BaP antigens (immunogen, coating antigen) were prepared and the specific BaP polyclonal antibody (pAb-BaP) was obtained. Moreover, gold nanoparticles (GNPs) modified with thiol-capped DNA and pAb-BaP were prepared as biological probes. An ultrasensitive biological probe enhanced realtime immuno-PCR assay (BP-rt-iPCR) was developed and applied to detect BaP. The application of biological probes in the immunoassay distinctly enhanced the ratio of DNA to antibody IgG and further improved the signal strength of the BaP analyte, which was indirectly detected by rt-iPCR. The principle of the BP-rt-iPCR method ( Fig. 1 ) is as follows: First, the internal surface of PCR tube is coated with coating antigens. Then, BaP analytes and biological probes are added; the coating antigens compete with BaP analytes to combine with pAb-BaP attached on gold nanoparticles. Some biological probes can be fixed on the tube wall through immune reaction with coating antigens, while the others (the excess probes and the probes bound to BaP analytes) are free and removed in the washing step. Then, the signal DNA of biological probes is released and amplified in the real-time iPCR analysis. Fluorescent signals, which are produced with the combination of SYBR Green I and double-stranded DNA, can be enhanced with the amplification of DNA. With the increasing BaP concentration, the number of biological probes which combine with OVA-BaP decreases. As a result, the number of cycles (Ct value) at which the amplification curve crosses the fluorescent threshold increases. The standard curve of the immunoassay is constructed by plotting the Ct values against the logarithm of BaP standard concentrations (C 0 ). Then, the BaP samples can be quantified.
Material and Methods

Reagent and chemicals
The BaP standard and organic chemicals for hapten and antigen synthesis were purchased from J&K Chemical (Beijing, China). PCR tubes (0.2 ml) and hot start fluorescent quantitative PCR amplification kit were obtained from Sangon (Shanghai, China). Bovine serum albumin (BSA), egg albumin (OVA), dimethylsulfoxide (DMSO), incompleted freund's adjuvant (IFA) and completed freund's adjuvant (CFA), inorganic salts, 25% glutaraldehyde solution, polyethylene glycol 20,000 (PEG 20,000), Coomassie brilliant blue G250, Tween 20 were purchased from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). All the oligonucleotides were obtained from Figure 1 . Principle of the BP-rt-iPCR method SYBR Green I is a fluorescent dye that produces weak fluorescence, which is enhanced when combined with double-stranded DNA.
Sangon Sequences of the thiol-capped oligonucleotides (capture DNA) and barcode DNA (signal DNA) were 5′-AGCGAGGAAGCGGAA GAGCGTATGACAGTCCCAATACGCAAACCGCCTC-(T) 10 -(CH 2 ) 3 -SH-3′ and 5′-GAGGCGGTTTGCGTATTGGGACTGTCATACGCT CTTCCGCTTCCTCGCT-3′, respectively.
Phosphate-buffer saline (PBS: 137 mM NaCl, 2 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 and 2.7 mM KCl, pH 7.4), carbonate buffer (CBS: 15 mM Na 2 CO 3 and 34.9 mM NaHCO 3 , pH 9.6) and PBST (PBS with 0.05% Tween 20, pH 7.4) were used in this study.
Synthesis of BaP hapten
As there is no functional group to connect with the protein for BaP molecule, BaP hapten was first synthesized as described by Wang et al. [17] . The specific synthesis reactions for BaP hapten (BaP = O) are shown in Fig. 2 
Preparation of BaP immunogen and coating antigen
In order to reduce the specific binding caused by the linking arm (a contact portion between the carrier protein and BaP hapten) [18] , the hapten-protein conjugates BSA-BaP (immunogen) and OVA-BaP (coating antigen) were prepared by the activated ester method [19] and mixed anhydride method respectively [20] . The reaction routes are shown in Fig. 3 .
BaP hapten (8 mg) and carboxymethoxylamine hemihydrochloride (CMO, 16 mg) were dissolved in pyridine (5 ml), and the mixture was allowed to react in the dark. Then, sodium borohydride (36 mg) was dissolved in ddH 2 O (300 μl) and added to the reaction solution, and the mixture was allowed to react for 5 h at ambient temperature. Afterwards, the volatile component was removed under a gentle nitrogen stream, and the residue was washed with HCl solution (pH 2.0) and ddH 2 O in succession. After the excessive water was removed, the yellow product BaP-COOH was obtained.
For the synthesis of BSA-BaP, BaP-COOH (0.155 g) was dissolved in DMF (1 ml) and then added to a mixture of N-hydroxysuccinimide (NHS, 0.0575 g) and dicyclohexyl carbodiimide (DCC, 0.103 g) in DMF (1 ml). The mixture was allowed to react for 8 h at 4°C with stirring. Following a centrifugation at 4000 g for 20 min at 4°C, the supernatant was added to 10 ml of BSA solution (12 mg/ml, in PBS) and stirred at 4°C overnight. The supernatant was dialyzed against PBS for 3 days. The prepared BSA-BaP was sub-packed in tubes (1.5 ml) and stored at -20°C. For the synthesis of OVA-BaP, BaP-COOH (0.155 g) was dissolved in DMF (1 ml). Then, n-butylamine (50 μl) and isobutyl chloroformate (62.5 μl) were added to the mixture and allowed to react for 3 h at 4°C with stirring. Next, the reaction mixture was added dropwise to 10 ml of OVA solution (12 mg/ml, in PBS) and allowed to react with stirring for 5 h at 4°C. The suspension was dialyzed against PBS for 3 days. The prepared OVA-BaP was stored at -20°C. All the protein conjugates were identified using an ultraviolet-visible (UV-vis) spectrophotometer. The obtained OVA-BaP was sub-packed in tubes (1.5 ml) and stored at -20°C. The BSA-BaP and OVA-BaP can be stored for one and a half years.
Preparation of environmental samples
In this study, PM 2.5 (particles in the air, the aerodynamic diameter of which are less than or equal to 2.5 μm), agricultural soil and sediment samples were all collected in Shanghai (Fig. 4) . The PM 2.5 samples were respectively collected three times at each sampling site. For agricultural soil and sediment, four samples were collected from different locations at a sampling site. Following sampling, each PM 2.5 membrane was cut into pieces; Agricultural soil and sediment samples were freeze-dried and then ground into powder. The PM 2.5 sampling membrane (in pieces), agricultural soil (10 g), and sediment (10 g) samples were all extracted by soxhlet extraction for 18 h [acetone/hexane = 1/1 (v/v), 100 ml], then, the organic layer was dried with Na 2 SO 4 and concentrated down to nearly 2 ml. The condensed mixture was purified on a column filled with silica gel [leachate: hexane/dichloromethane = 2/3 (v/v)]. Under a gentle nitrogen stream, the eluent was evaporated to near dryness, and the residue was redissolved in 0.5 ml of acetonitrile. The BaP samples were detected by HPLC method, and then detected by BP-rt-iPCR method after 1000-fold dilution with PBS containing 5% DMSO.
The HPLC analysis was performed on an Agilent LC1100 HPLC system equipped with an Agilent Eclipse Plus C18 chromatographic column (250 mm × 4.6 mm, 5 μm) obtained from Agilent Technologies Co. Ltd. (Cambridge, USA). The mobile phase was acetonitrile-water (70/30, v/v) at a flow rate of 1 ml/min. The injection volume was 10 μl and the detection was carried out at 254 nm. The temperature of the C18 column was maintained at 30°C.
Preparation of pAb-BaP
The prepared BSA-BaP was used to immunize a New Zealand white rabbit obtained from Animal Experimental Center of Shanghai Jiao Tong University (Shanghai, China). The first immunization was performed by injecting 1 mg of BSA-BaP (dissolved in 0.5 ml of PBS and emulsified with 0.5 ml of CFA). Twenty days after the injections, the rabbits were boosted six times at 2-week intervals by injecting 1 mg of BSA-BaP (dissolved in 0.5 ml of PBS and emulsified with 0.5 ml of IFA). After 4 months of immunization, the pAb-BaP was separated and purified from rabbit serum by the ammonium sulfate precipitation method. The obtained pAb-BaP was dissolved in PBS (20 ml), and then dialyzed against PBS to remove excess salt ions (NH 4 + ions were completely removed). Measured by Coomassie brilliant blue assay, the concentration of pAb-BaP was 8.13 mg/ml.
Preparation of biological probe
The negative charge of gold nanoparticles has electrostatic attraction with antibodies; they can combine together when the electrostatic force is within Van Edward force range. Moreover, thiol-capped DNA can bind with the gold nanoparticle via the Au-S bond easily. Therefore, gold nanoparticles modified with pAb-BaP and DNA were prepared as biological probes, which can provide a large DNA to antibody ratio (usually 100-300:1). Gold nanoparticle solution (5 ml), which was prepared by the sodium citrate reduction method, was adjusted to pH 8.5 and then mixed with pAb-BaP (80 μg). The mixture was incubated with stirring for 1 h at room temperature [21] . Then, 1 OD of capture DNA was added and incubated with stirring at 4°C for 16 h. Next, 0.5 ml of PBS and 600 μl of NaCl (1.3 M) were added and then incubated for 40 h. Afterwards, 5% PEG 20,000 was added to block the surface of GNPs (the final PEG 20,000 concentration was 0.5%) and then incubated for 1 h. After a centrifugal separation for 20 min at 19,000 g 4°C, the substrate was resuspended in PBS (4 ml) containing 0.5% PEG 20,000 and 13 M NaCl. Then, 1 OD of signal DNA, which was the complement of capture DNA, was added to the mixtrue for hybridization at room temperature for 4 h. The excess barcode DNA was removed after a similar centrifugation procedure. Finally, the obtained DNA-GNP-pAb-BaP compounds were resuspended in PBS containing 0.13 M NaCl, 0.01% Tween 20 and 0.5% PEG 20,000. The biological probes were sub-packed in tubes (1.5 ml) and can be stored for two years at -20°C.
Experimental procedure of the immunoassay
The BP-rt-iPCR assay was performed in PCR tubes. In order to improve the adsorption capacity [22] , PCR tubes were firstly . Locations of sampling sites in Shanghai PM 2.5 samples were colleted at sampling site 1 (P 11 , P 12 , P 13 ), 2 (P 21 , P 22 , P 23 ), and 3 (P 31 , P 32 , P 33 ); Agricultural soil samples were collected at sampling site 4 (A 1 , A 2 , A 3 , A 4 ); Sediment samples were collected at sampling site 5 (S 1 , S 2 , S 3 , S 4 ). 1-Urban area of Shanghai; 2-Songjiang old town; 3-Chongming ecological island; 4-A local vegetable base; 5-Dianshan Lake. pretreated with 0.8% glutaraldehyde solution. After three times of wash with PBST and three times of wash with ddH 2 O, 20 μl/tube of OVA-BaP solution (in CBS) was added and incubated overnight at 4°C. After three times of wash with PBST, 200 μl/tube of blocking reagent was added to block the unbound active sites and incubated for 1 h at 37°C. After additional wash with PBST, 10 μl/tube of BaP standard solution and 10 μl/tube of biological probe dilution were added, followed by another incubation for 1 h at 37°C. After a final washing step (five times of wash with PBST and five times of wash with ddH 2 O), the BP-rt-iPCR assay was performed in a reaction mixture of
Results
Characterization of the BaP immunogen and coating antigen
The prepared conjugates BSA-BaP and OVA-BaP were respectively identified by UV-vis spectrophotometry. As shown in Fig. 5 , there were relationships and differences among the characteristic peaks of BaP-COOH, proteins and conjugates; new absorption peaks appeared at 361 nm (for BSA-BaP) and 373 nm (for OVA-BaP) in the UV-vis spectrum of the conjugates. The results revealed that the conjugates were successfully prepared. Measured by Coomassie brilliant blue assay, the concentrations of BSA-BaP and OVA-BaP were 3.56 and 1.26 mg/ml, respectively. Figure 6A shows the transmission electron microscope (TEM) image of biological probes. The prepared biological probes were homogeneous, and there was no agglomeration. As shown in Fig. 6B , the characteristic absorption peak of gold nanoparticles appeared at 524 nm, whereas the absorption wavelength of the modified gold nanoparticles red-shifted to 531 nm, and moreover, a new absorption peak appeared at 267 nm, indicating that the gold nanoparticles were surface-labeled with thiol-capped DNA and pAb-BaP successfully. The average diameter of the prepared gold nanoparticles was 15.38 ± 1.69 nm. According to the Lambert-Beer law and KubelkaMunk theory [23] , the concentration of the modified gold nanoparticles was calculated to be 2.48 × 10 -9 M. According to the calculation method described by Song et al. [21] , the labeling rate of proteins to GNPs was calculated to be 71%, which meets the labeling requirement. The activity of the pAb-BaP attached to gold nanoparticles was evaluated by the ic-ELISA method; the titter of pAb-BaP exceeded 16,000. Therefore, the prepared DNA-GNP-pAb-BaP compounds were suitable for the immunoassay. 
Characterization of the biological probe
Optimization of reaction conditions
Several reaction conditions were optimized to obtain good assay performance. According to the relevant immunoassay [24] , the pH of PBS buffer used in the immunoassay was 7.4 and the ionic strength of PBS was 0.1 M. The concentrations of the DNA-GNPpAb-BaP compound and BaP coating antigen were optimized in the assay. The optimal reagent concentrations are those that result in the minimum Ct value between 10 and 15 [25] . As shown in Table 1 , the optimal concentration of OVA-BaP was 3.15 μg/ml, and the optimal dilution of the biological probe was 1:80 (the optimal concentration of the biological probe was 3.1 × 10 −11 M).
The purpose of the blocking process is to eliminate the unoccupied sites on PCR tubes, otherwise, the unoccupied active sites may interact with components of the subsequent steps, such as the biological probe. An optimum blocking reagent should achieve the minimal background interference, that is, the largest Ct value. Different blocking solutions (in PBS) were compared, such as 1% OVA, 3% OVA, 1% PEG 20,000, 3% PEG 20,000, 1% skimmed milk powder (SMP) and 3% SMP. The result is shown in Fig. 7A . OVA at 1% was used as the blocking reagent in the immunoassay.
As BaP is a type of hydrophobic organic compound, DMSO was added in PBS buffer to prepare BaP standard solutions in the assay. However, the inappropriate DMSO concentration may affect the adsorption capacity of pAb-BaP, and even cause the denaturation of pAb-BaP. Considering that much higher or lower amount of DMSO will affect the assay performance negatively, PBS buffer containing different DMSO concentrations (1%, 2%, 5%, 10%, and 20%) were investigated; all the other physicochemical factors are the same. As shown in Fig. 7B , 5% DMSO resulted in the minimal Ct value. This indicated the good immune reactions and the most biological probes in the reaction system, which meant the detection was sensitive. Therefore, 5% DMSO was used in the subsequent assay.
The effect of different primer concentrations (1, 5, 10, 20 , and 40 μM) were compared (Fig. 7C) . With the increase of primer concentration, the Ct value decreased. In the absence of barcode DNA, Ct decreased obviously when the primer concentration was more than 10 μM; this indicated a number of primer dimerization appeared in the amplification process. Therefore, 10 μM of primer was used in the immunoassay. Different annealing temperatures (53°C, 55°C, 57°C, 59°C, and 61°C) was also tested in the assay (Fig. 7D) . The Ct value decreased from 11.24 to 9.84 gradually with the increase of annealing temperature. However, the maximum Ct value in the absence of barcode DNA was obtained at 57°C, which indicated the non-specific amplification was the lowest at this temperature. Therefore, 57°C was selected as the optimum annealing temperature.
Establishment of the standard curve
A series of BaP standard solutions (0.5 pg/l, 5 pg/l, 50 pg/l, 500 pg/l, 5 ng/l, 50 ng/l, and 500 ng/l) were prepared with PBS containing 5% DMSO and reacted using the BP-rt-iPCR method. Under the optimum conditions, a standard curve (Fig. 8) was constructed with the BaP concentration ranging from 5 pg/l to 50 ng/l. As shown in Fig. 9 , The linear regression equation was Ct = 0.3474logC 0 + 13.641. The correlation coefficient of the standard curve was 0.9807 and the limit of detection (LOD) was 1.63 pg/l (LOD = 3.3σ/S, σ is the standard deviation of the blank sample, S is the slope of calibration curve) [26] .
Specificity of the immunoassay
The cross-reactivity (CR) with several BaP structural analogs was used to evaluate the specificity of the immunoassay. Perylene, fluoranthene, benz Table 2 . In all cases, there was a low CR (below 7.26%) between BaP and other structurally similar compounds, indicating that the pAb-BaP exhibited high affinity and were suitable for the specific determination of BaP.
Comparison between BP-rt-iPCR and HPLC method
The BP-rt-iPCR assay was applied to detect BaP in some environmental samples; six replicates were tested for each sample. The results are shown in Table 3 . The average BaP concentrations of agricultural soil and sediment samples were 21.21 ng/g and 34.54 ng/g, respectively. The average BaP concentrations of PM 2.5 samples at sampling site 1, 2 and 3 were 31.42 ng/g, 51.42 ng/g, and 10.32 ng/g, respectively. As the combustion of fossil fuels and industrial production processes contributed greatly to BaP emissions, the average BaP concentration of PM 2.5 collected at sampling site 2 which is near an industrial district was highest. BaP concentrations of PM 2.5 at site 1 were also high, this was mainly caused by the BaP emissions of automobile exhaust and human daily lives. These environmental samples were also analyzed by HPLC method to evaluate the applicability and accuracy of the immunoassay ( Table 3) . The correlation coefficient of the two methods mentioned above was 0.9889 (liner regression equation: y = 0.9354x + 0.3945), suggesting that the detection results were accurate and reliable.
Recovery test
The recoveries of several environmental samples, which were spiked BaP analyte, were calculated to evaluate the accuracy of the immunoassay. A certain amount of BaP standard was added to environmental samples (P 32 , A 3 , P 23 ) before the extraction. All the spiked samples were treated as described above and tested by the BP-rt-iPCR method. As shown in Table 4 , the recovery rates and CVs of the immunoassay were 92.12%-109.76% and 7.53%-11.06% respectively, indicating that the immunoassay was accurate.
Discussion
As shown in Table 4 , BaP levels detected by BP-rt-iPCR method are slightly higher than those detected by HPLC. This may be caused by non-specific absorption of pAb-BaP with BaP analogs in the environmental samples, which failed to be analyzed by the HPLC method. This contributed to the BaP concentration caused by the crossreactivity between pAb-BaP and BaP analogs. In the BP-rt-iPCR 12 29.970 ± 0.163 26.270 ± 0.061 P 13 32.720 ± 0.159 29.060 ± 0.086 P 21 52.790 ± 0.199 48.020 ± 0.097 P 22 49.510 ± 0.186 48.690 ± 0.087 P 23 51.970 ± 0.186 47.110 ± 0.079 P 31 11.890 ± 0.086 10.010 ± 0.031 P 32 9.750 ± 0.091 8.970 ± 0.033 P 33 9.320 ± 0.083 9.090 ± 0. for each sample]. Therefore, this immunoassay is more suitable than HPLC to detect a large number of samples. However, for the BP-rtiPCR method, there is limitation in its application due to the limited linear range. Therefore, it is necessary for a proper dilution process as mentioned above prior to analysis. The proposed BP-rt-iPCR method combines the original real-time PCR method with the bio-barcode assay. As shown in Fig. 10 , compared with the conventional PCR technique in which a streptavidinprotein A chimeric fusion protein is used to connect antibody with bio-DNA [27] , the detection process of this immunoassay is simplified and much more signal DNA is attached to the solid carrier. In the conventional bio-barcode assay [28] , the detection system consists of two separation steps, namely, magnetic separation for separating the antibody-antigen complex and barcode DNA separation. However, for this immunoassay, GNPs modified with DNA and polyclonal antibodies are fixed on the inner surface of PCR tubes through the highly specific antibody-antigen reaction, and the oligonucleotides labeled on gold nanoparticles are released directly into the PCR tube. Therefore, the process of magnetic separation and DNA separation can be streamlined and the time required to complete the assay is shortened.
In comparison with the highly sensitive biotin-streptavidinamplified real-time immuno-PCR assay (BA-rt-iPCR) which was studied in our research team [26] , the detection signal was strengthened as the combination ratio of signal DNA to antibody was improved due to the application of biological probes in the BP-rt-iPCR method. Moreover, as the affixed biological probes were used to replace bioantibody-streptavidin-bio-DNA conjugates, the detection procedure was simplified greatly. Based on the prepared OVA-BaP and pAb-BaP, we also tested BaP standard solutions using the BA-rt-iPCR method for comparision; the linear range was 10 pg/l-50 ng/l, with a LOD of 5.36 pg/l. The LOD of the proposed method was a bit lower than that of BA-rt-iPCR assay. In addition, with the coated PCR plate, it only requires one more step of adding biological probes (1 h) prior to PCR analysis while the BA-rt-iPCR needs step-by-step use of bio-antibody, streptavidin, and bio-DNA (3 h), which is complicated and timeconsuming. Therefore, the proposed BP-rt-iPCR is more sensitive, rapid and convenient, compared with the BA-rt-iPCR method.
In addition, compared with the ELISA method for detecting BaP (linear range is 5 ng/ml-50 ng/ml; LOD is 3.3 ng/ml) [29] , which has been widely studied and used in recent years, the antibody-enzyme conjugates used in ELISA are replaced by antibody-DNA conjugates; the detection signal is improved greatly in the PCR analysis and the LOD of this new immunoassay is obviously lower. Compared with the fluorescence enhancement-based label-free homogeneous immunoassay (FIA, linear range is 100 ng/l-5 μg/l; LOD is 60 ng/l) [30] , as the fluorescence signal is amplified by the PCR amplification system, this new immunoassay is much more sensitive. Therefore, it is more suitable for detecting trace amount of BaP residue in the environment. Compared with the electrochemical immunosensor (EIA, linear range is 10 ng/l-2 μg/l; LOD is 6 ng/l) [31] , the sensitivity of the BP-rt-iPCR method is also considerably higher. Moreover, this immunoassay is more rapid and convenient, as high-throughput detection can be achieved with the 96-well PCR plates. Finally, in comparison with the HPLC method (linear range is 0.5 μg/l-80 μg/l; LOD is 0.5 μg/l) [32] , despite the similar pretreatment process of BaP samples, the BP-rtiPCR method had higher efficiency and was less time-consuming for monitoring a large number of samples as described above. In general, it is obvious that the LOD of this proposed method is much lower than those of the methods mentioned above.
In conclusion, the proposed BP-rt-iPCR method was rapid, sensitive and reliable, and it was used to detect BaP in environmental samples successfully. This immunoassay had a low limit of detection of 1.63 pg/l. The linearity range was from 5 pg/l to 50 ng/l. The recovery rates (92.12%-109.76%) of the spiked samples were satisfactory, and the coefficients of variation were 7.53%-1.06%. The BP-rt-iPCR assay could selectively detect BaP with negligible CR values (below 7.26%) against several BaP structural analogs. Meanwhile, the BaP results from several environmental samples were consistent with those obtained by HPLC. Therefore, the BP-rt-iPCR method would be a useful option for the detection of trace amounts of BaP in the environment.
